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MESA 3-D CALCULATIONS OF ARMOR PENETRATION

BY PROJECTILES WITH COMBINED OBLIQUITY AND YAW

by

D. J. Cagliostro, D. A Mandell, L. A. Schwalbe,

T. F. Adams, and E. J. Chapyak

Los Alamos National Laboratory

Los Alamos, NM 87545

SUMMARY

We introduce and briefly describe MESA, a new 3-D hydrodynamic code, de-

veloped specifically for simulations of armor and anti-armor systems. The

code’s current capabilities and its planned model improvements and additions

are discussed. An Eulerian code using state-of-the-arl numerical methods,

MESA runs faster and is less affected by spurious numerical diffusion than older

codes. It models hydrodynamic flow and the dynamic deformation of solid ma-

terials. It uses simple elaetic-perfwtly plastlc material strength models as well

as models with strain and strainrate hardening and thermal softening. Future

versions will incorporate advanced fracture models. It treats detonations in ex-

plosives using a programmed burn. The code’s current capabilities are

illustrated with simulations of experiments on yawed rods obliquely impacting

armor plates at 1.29 km/s. With nominal elastic-perfectly plastic strsngth

parameters MESA simulates well the experiment measurements of rod length

and velocity deflection but not as well exit velocities and emergent rotation
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rates. An artificial simulation of fracture indicates that fracture modeling would

improve agreement with experiment. The utility of MESA to treat hypervelocity

impacts is demonstrated with simulations of a rod obliquely impacting a thin

plate at 5 km/s. The hypewelocity simulations show that hole sizes are much

larger and that material strength plays a minor role in hole size and rod

deformation at these higher velocities.

INTRODUCTION

Yawed* impacts can occur in many arn?or/anti-armor interactions. For

example, in the obliq~e impact of an unyawed projectile into spaced armor the

first layer deflects and rotates the projectile so that its interaction with the next

layer becomes yawed. In reactive armor and flyover-shootdown situations, the

relative velocity of the @.rmorwith respect to the penetrator can induce a yawed

interaction, Simulation!] of these and other oblique and yawed impacts require

3-D hydrodynamics modols.

In this paper we in’:roduce and briefly describe the

capabilities of a new 3-D !~ydrocodecalled MESA. We

current and planned

then compare simula-

tions of yawed oblique Impacts of long rods into thin plates with experiments,

and finally demonstra~e the utility of the code to simulate the hypewelocity

impact of the penetrator into a thin plate. In the yawed oblique impacts, the rod

strikes the plate at an ordrtance velocity of 1.29 km/s, and in the hypervelocity

application at 5 km/s.

‘We u$6 the term yaw m It was used by Fugelao ●nd Taybr In [1 1] to degcriba what IS cnmrnonly
called pitch, the rotatbn of a body @boutm ●xb throughitscenterofnws that lies in the
horizontal plane and ISparpendiodur to its direction of travel,
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This paper is divided into the following three main sections: The MESA Code,

which gives an ovetview of the code, Yawed Oblique Impacts at Ordnance Ve-

locities, which compares the code predictions with experiments, and Oblique

Impacts at Hypetvelocities, which demonstrates the code’s utility to model

impacts at much higher velocities and pressures.

THE MESA CODE

MESA is a three-dimensional, Cartesian mesh, Eulerian code with hydrody-

namics, high explosives, and material strength models. A companion 2-D code

is avsWble for scoping studies before doing detaiiod 3-D calculations, which

take much more computer time. The two-dimensional algorithms have been

described by Youngs [1]. The hydrodynamics !s divided into two phases. The

first phase is a pure Lagrangian calculation, and the second phase is a remap-

ping back to the originai Eulerhn mesh. Since the advection (second phase)

requires much more computer time than the first phase, the Lagrangian phase

is sub-cycled. Typioaily we do four Lagrangian calculations for each remap-

ping. Operator spiitting is usad in the material advection phase. That is, the

calculations are done in the x, y, and z-directions during one time cycle, and

then in the z, y, and x-directions during the next cycle. Van Leer [2] limiting is

also used in the advection to maintain stesp gradients of advected variables

without introducing nonphysical oscillations.

A unique feature of MESA is the interface reconstruction algorithm, which was

developed by David Young6 [3] of the UK Atomic Weapons Establishment. This

model●liowe fewer oeiis to be used for tho same accuracy than in earlier codes

because mixed-cell material interfaces are calculated accurately. The interface

reconstructionmethod assures that materiaisare advectqd in the correct order.

3
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Material strength modeling is possible with a variety of yield models using a von

Mises flow criterion. Yield models include the elastic-perfectly plastic model,

the Steinberg-Cochran-Guinanmodel [4] with work hardening and thermal soft-

ening, and the Johnson-Cook [5] model with strain-rate hardening in addition.

A ductile fracture model is being implemented into the code [6]. A ductile and

brittle fracture model (an extension of the TEPLA model [?]) is being developed

and will be implemented later.

We use the standard JWL [8] equation of state (EOS) for the high explosive (HE)

and currentiy treat detonations with a programi ~d burn model in which the

burn time intewal for each cell is calculated in the setup phase using th~ high

expioslve detonation velocity and a Huygens construction. A coupled hydro-HE

model (Johnson-Tang-Forat [9]) will be implemented in the future.

In addition to the JWL EOS for the HE detonation products, a number of analyti-

cal EOS equations are available for other materials. The Los Alamos tabular

equations-of-state, SESAME [10], are also available.

MESAcurrently runs on Cray X-MP and Y-MP computers. To run efficiently in a

time sharing environment, dynamic memory management is used. Thus, for

any given calculation, only the amount of computer memG~ needed for that

application is required.

YAWED OBLIQUEIMPACTSAT ORDNANCEVelocities

We used MESA to model the oblique impact of yawed kinetic enargy projectiles

into thin plates. Figure 1 uhows the orientation of the rod axis and velocity vec-

tor relative to a stationary plate for +10°, 0°, and -10° yaw at an obliquity of 65°.

If we define obliquity, y, as the angle between the rod velocity vector and the

4
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plate normal in a coordinate system fixed to the plate, and ~ as the angle be-

tween the rod axis and the plate normal, then the yaw angle, a, equals y- ~. In

other words, in the reference frame of the plate the yaw angle is simply the

angle between the rod axis and velocity vector.

The objectives of these calculations are to determine the effects of both positive

and negative yaws on the oblique impact ~f penetrators into thin plates and to

compare the predictions with experiments. Our approach is to model the ex-

periments that were performed and described by Fu@so and Taylor[11] on the

oblique impact of yawed uranium alloy mds into thin steel plate.

Description of the Experiments

In the experiments, stable yawed impacts were achieved by moving the target

plate obliquely in the path of a horizontally fired rod having little, if any, inherent

initial yaw, Figure 2 shows the rod-plate orientations for the three yaw cases

modeled here along w!th their initial velocities. Negative yaw was produced by

moving the plate toward the projectile; positive yaw was produced by moving

the plate away from the projectile. The plate was accelerated by detonating a

thin layer of sheet explosive attached to one surface.

The penetratcvswere cylindrical rods made of IJ-O.75wtYo Ti and were 7,67 cm

long with a hemispherical tip, an aspect ratio (l-/D) of 10, and a mass of 65 g.

The plates were made of 6.4-mm-thick rolled homogeneous armor (RHA) (BHN

R 370). The initial velocities and orientations of the rods and plates were de-

signed so that the rod impact velocity relative to the plate was 1,29 km/s at an

obliquity of 65° for each of the three nominal yaws of =10°, 0° and +1OO.
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Modeling the Experiments

For the rod and plate materials, we used the Mie-Gtineisen EOS referenced to

their measured Hugoniot states and initial densities of 18.62 g/cm3 and 7.896

g/cm3, respectively. The material strength was modeled with an elastic-per-

fectly pJasticmodel and the von Mises yield criterion. The constant yield stress

for the U-O.75wt%o TI was 17.9 kbam and for the RHA 10.0 kbars, based on the

material strength measurements given in [12] and [5], respectively. We antici-

pated the importance of plate fracture in this problem, but because the code has

no fracture model, we could only investigate the effect approximately.

Therefore, we simulated fracture in one of the problems by stopping the

calculation at a time we believe the plate would have failed. Then we removed

plate material in contact with the rod, manually restarted the calculation, and ran

it to completion.

We used 1-mm mesh cells in the region of impact and a geometrically expand-

ing mesh out to the grid boundaries. The geometrical expansion factor was 1.1.

Taking advantage of the plane of symmetry in these experiments, we modeled

onl~ half the geometry and required 202,752 cells ---132 cells in the x direction

(21.5 cm), 48 cells in the y direction (8 cm), and 32 calls in the positive z di-

rection (5 cm). The simulations to 100 M required only about three hours of

CPU time on a Cray X-MP computer. A post processor was written to calculate

the length, center-of-mass velocity, velocity deflection, and angular velocity of

the rod for each dump time.
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RESULTS

Effectsof Yaw

The qualitative experimental results of the trajectory deflection and yaw rate of

the emergent rod are shown in Fig. 3. This figure also shows the sign conven-

tion used to describe the rod trajectory deflec~ionand yaw rate.

Cross sectional views of the interfaces between the rod and the plate at 50 and

100 ps after start of the calculations are shown in Fig. 4 for the -9.3°, 0°, and

+10° yaw cases . The cross sections are through the oells next to the plane of

bilateral symmetry ~atthe z-l cell level). These views show that the rods de-

form mainly in the region of the rod tip and that no significant bending occurs

elsewhere. The “taffy-like” appearance of the plate underneath the rod is an

artifact resulting from our present inability to model fracture adequately. For

-9.3° yaw, the rod deflects upward, away from the ncrmal to the back surface of

the plate, for 0° yaw, it deflects slightly, and for +10° yaw, it defleots downward,

toward the plate normal.

The MESA code predktions of velooity, deflection, and rotation rate of the rod

as it penetrates and exits the plate are shown in Figs. 5, 6, and 7, respectively.

Figure 5 shows that maximum reduotion in velocity oocurs for -9.3° yaw (VNi =

0.68 at 100 pa). Corresponding velocity reductions for the 0° and 10.3° yawed

rods are comparable to each other (V/Vi = 0.80 at 100 ps) but less than that for

the negative yaw case. Predictions of rod deflections (Fig. 6) show that initially

in all three cases the rod deflects upward, away from the plate normal. Later, for

-9.3° yaw the rod oontinues to defleot away from the plate normal; whereas in

the other two cases the rod deflects toward the plate normal with the larger de-

flection occurring for +10.3° yaw. Predictions of rod rotation rates (Fig, 7) show
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again that in all three cases the rod is initially rotating away from the plate nor-

mal, but by the time the rod exits the plate it is rotating toward the plate normal,

in each case at about the same rate of 0.18 O/psat t = 100 ps.

Comparisons with Experiments

MESA predictions of rod length, velocity, deflection, and rotation rate at t=l 00

~, after the rod has emerged from the plate, are compared with the experiment

measurements in Figs. 8, 9, 10, and 11, respectively. Figure 8 shows that the fi-

nal rod lengths are about the same for each of the three yaw cases and agree

well with the experiments. MESA predictions of exit velocities (Fig. 9), however,

are about 15% lower than tho$e measured in the experiments. The calculation

with %acture” at 50 pa gives better agreement with experiment and indicates

the importance of modeling fracture. The predictions of trajectory deflection

(Fig. 10) agree well with the experiments and again the calculation with fracture

agrees even better. As shown in Fig. 11, however, MESA predicts rod rotation

rates much greater than those measured in the experiments. As indicated,

however, by the significant scatter in the measurements these rotation rate

measurementsare very dficult to make accurately and are not ve~ repeatable.

OBLIQUE HYPERVELOCITYIMPACTS

Modeling the Impact

As an example of an application of MESA to a hypewelocity impact, we chose

to model the 0° yaw impact experiment described above using the same geom-

etry, material strength models, and yield stresses, but with the Sesame EOS

and with the rod velocity increased from 1.29 to 5 km/s. The tabulated Sesame

EOS was used to allow calculation of temperatures in the rod and plate which

we could not do directly with the Mie-Gruneisen EOS. (Comparisons of inter-

8
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face plots at exit time using the Sesame EOS agreed vety well with those using

the Mie-GrOneisen EOS. The choice of EOS, therefore, does not affect the

geometry or dynamics of the problem significantly.)

Results

Figure 12 compares the interface plots at 10 and 25- for the hypewelocity

impact with those for the ordnance velocity impact at 40 and 100 ps (times

scaled inversely to initial rod velocity). The main effect af ~oing to hypetvelocity

is to increase the size of the hole in the plate. Also, the deformation and

bending of the rod are significantly less noticeable in the hypervelocity impact in

which material strength is less important.

To see the reduced importance of strength in a hypewelocity impact, Fig. 13

compares the MESA predictions with and without material strength. At these

high velocities there is very little effect of strength on hole size, being only

slightly smaller with strength. The rod tip is slightly less deformed and eroded

with strength than without strength.

Figure 14 oompares the hypervebcity impact with the ordnance velocity impact

without strength. The comparison shows that the hole size at scaled times are

the same. This agrees with scaling laws for impacts of incompressiblefluids.

CONCLUSIONS

We have shown that in modeling yawed oblique impacts of long rods into thin

platesat 1.29 krnk the 3-D MESA hydrocode:

Predicts well rod lengths and trajecto~ deflections.

Predicts greater attenuation of velocity than that measured in the experi-

ments.
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Prediots much higher emergent yaw rates than those measured in the

experiments.

#@leesbetter, in general, when fracture is simulated.

We have also demonstrated MESA modeling of a hypervelocity oblique impact

at 5 Icm/s. In these Adulations we have shown the significant differences be-

tween ordnance impact and hypervelocity impact, the relative unimportance of

material strength in such hypwelocity impacts compared with the importance

of material strength in ordnance velccity impacts, and that the code predictions

scale as expected when strength is riot important.

To better understand the effects of cell size, material strength models, and

fracture on modeling yawed impacts, we plan to do the following:

1. Increase the cell size to about 1.2 mm in the -93° yaw case to see if

we get the same results with fewer cells or if we need an even greater

number of cells.

2. Apply the Johnson-Cook strength model to determine the effects of

strain hatiening and thermal softening.

3. Apply the ductile and brittle fracture model (TEPLA) when it is imple-

mented in MESA. Based on the results shown here, we think that

being able to model fracture will significantly improve the MESA

predictions of velocity attenuation and emergent rod rotation rate.

10
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